As a new Non-destructive Evaluation (NDE) technique, capacitive imaging (CI) has been used to detect defects in oil pipelines, composite sucker rods and storage tanks in recent years. When a CI sensor is used to detect corrosion defect on a conducting surface with or without an insulation layer, the depth information of corrosion defect is difficult to acquire due to the non-linearity of the probing field. This paper proposed a corrosion depth inversion method based on the lift-off effect of the CI technique. The proposed depth inversion method, which includes three steps, namely establishing the lift-off curve, obtaining the scan curve and fitting inversion, are introduced and evaluated. In the FE simulations, the error rates of the inversion depths are less than 1.20%. CI experiments were carried out to acquire the depth information of a step shape specimen using the CI experimental system and the proposed corrosion depth inversion method. The results show that the depth inversion method can meet the need of obtaining the actual depth information with the error rates of the inversion depths being less than 10.00%. A CI experiment on a machined and corroded specimen was carried out to further demonstrate the feasibility of the proposed inversion method for corrosion defects with different depths. Both results from FE models and experiments indicate that the proposed method is promising to achieve the quantitative NDE of the Corrosion Under Insulation (CUI).
I. INTRODUCTION
Corrosion, which is the most common type of defects on metals, affects the operation reliability of the metal structure and component and can cause huge losses [1] - [3] . For metallic oil and gas pipelines with insulation layers, water and natural minerals can intrude into the insulation layer and have oxidation and electrochemical reaction with the metal surface of the pipeline. This will result in corrosion under insulation (CUI) and may lead to major safety accidents [4] . If the depth information of corrosion defect is accurately obtained, the condition of the pipeline can be properly assessed, and a suitable maintenance scheme can be adopted to ensure the safe operation of the pipeline. How to effectively detect and acquire the depths information of surface corrosion defects The associate editor coordinating the review of this manuscript and approving it for publication was Wuliang Yin . on conducting specimens with and without insulation layer has been extensively studied in the Non-destructive Evaluation (NDE) field [5] - [8] . There are many kinds of detection methods (Ultrasonic Testing (UT) [9] , Eddy Current [10] , Magnetic Flux Leakage (MFL) [11] , X-ray [12] ) to solve this problem. However, the insulation layer needs to be removed in many cases, which will significantly increase the inspection cost [9] , [13] .
Capacitive imaging (CI) has been used for the inspection of oil pipelines, composite sucker rods and storage tanks in recent years [14] . It has many advantages, such as noncontact, coupling agent free, real-time and intuitive detection results, cost effective and easy to implement [15] . In theory, the CI technique can not only detect surface corrosion defects of the conducting specimen without an insulation layer but also detect surface corrosion defects of the conducting specimen through a relatively thick (up to 100 mm) insulation layer [16] . The principle of CI technique for defect detection is shown in Fig 1. An AC voltage is applied to the driving electrode of a CI sensor, and the sensing electrode of the CI sensor is connected to a measurement circuit. Because the frequency of this AC voltage is usually below 100 kHz, the electric field between these two electrodes of CI sensor can be considered as a quasi-static fringing electric field [17] . When a CI sensor is used to inspect the conducting specimen without insulation layer, as shown in Fig 1(a) , if a corrosion defect is presented (shown as a step shape metal loss in Fig. 1(a) ), the distribution of the probing field between the driving and sensing electrode will be altered. This change of the probing field will cause a charge variation on the sensing electrode of CI sensor. The charge variation can be measured and used to reflect depth information of the corrosion defects of the conducting specimen without insulation layer. For the case in which an insulation layer is presented, as shown in Fig 1(b) , the quasi-static fringing electric field will penetrate through the insulation layer and be influenced by the corrosion defects (metal loss) on the upper surface of the conducting specimen. This will again cause charge variation on the sensing electrode, which can also be measured and used to reflect depth information of the corrosion defects under insulation.
Previous attempts using the CI technique were focused on detecting the presence of the defects, and how to quantify the detected defect remains unanswered. Due to the non-linearity of the quasi-static fringing electric field of CI sensor, it is difficult to acquire the surface corrosion depth information of the conducting specimen. To solve this problem, this work proposes a corrosion depth inversion method based on the lift-off effect of the CI technique. The method was briefly introduced in Section 2. Finite element (FE) models were constructed in COMSOL TM , and the proposed depth inversion method was implemented based on the FE modes in Section 3. In Section 4, depth inversions in CI experiments were also carried out on specimens with artificial metal losses and corrosions. The discussions and conclusions are presented in Section 5.
II. THE CORROSION DEPTH INVERSION METHOD
Real corrosion defects are often of irregular depth profiles, which increases the difficulty of corrosion depth inversion. To simplify this problem, the profile of a corrosion detect (the black lines in Fig 2) can be approximated by a set of regular metal losses characterized by small horizontal and vertical lines (the red lines in Fig 2) , and the depth information of the whole defect can be summarized by the depth information of each small regular segment.
To achieve the depth inversion of each regular segment, an inversion method based on the lift-off effect of CI technique is proposed. The basic idea of this corrosion depth inversion method is that the depth of surface corrosion defect is equivalent to the change of the lift-off. If the lift-off to the conducting surface can be inferred from the measured data, so can the corrosion depth. The equivalent schematic diagram of the corrosion depth inversion method is shown in Fig 3. For the inspection of conducting specimens without insulation layer, as shown in Fig 3(a) , the corrosion depth (metal loss) is equal to the difference between lift-off #2 and liftoff #1. Both lift-off #1 and #2 are the distances between the sensor surface and the conducting surface. For the inspection of conducting specimens covered by an insulation layer, as shown in Fig 3(b) , the corrosion depth is equal to the distance between the bottom surface of the insulation layer and the top surface of the conductor (also referred to as ''lift-off'' for such cases in the remaining part of this work).
The proposed corrosion depth inversion method mainly contains three steps, namely establishing the lift-off curve (Step I), obtaining the scan curve (Step II) and fitting inversion (Step III), as shown in Fig. 4 .
Step I is to establish a lift-off curve, which is the non-linear relationship between the measured values and lift-offs.
Step II is to obtain the scan curve. In this step, the CI sensor is used to scan the specimen at a fixed lift-off, and the relationship between the measured values and line-scanning positions can be obtained.
Step III is fitting inversion. In this step, the measured values in the scan curve are searched in the lift-off curve, and the relationship between lift-off (equivalent to the depth of metal loss/corrosion) and line-scanning position can be obtained. Different fitting methods, including polynomial fitting, least square method and neural network algorithms can be used. After these three steps, the depth information of surface corrosion defect of the conducting specimen can be obtained. In practice, the lift-off curve can be established in advance according to the inspection conditions (i.e. types of targets under test, experimental conditions, etc.), and the later two steps can be done during the scanning process, leading to a real-time inversion for the corrosion depth. The non-linearity of the probing field was reflected in the lift-off curve and requires no further treatment.
III. SIMULATION ANALYSIS OF THE CI SENSOR DETECTING SURFACE CORROSION DEFECTS A. THE FE MODEL
It is well known that for static electric field, the electric field lines and the equipotential lines are perpendicular to each other [16] . If there is a defect in the quasi-static fringing electric field, both the electric field lines and the equipotential lines will be distorted [17] . For a better illustration, equipotential lines were used to demonstrate the electric field distribution. According to equations (1) and (2), the potential distribution can be obtained from FE models [18] , [19] .
where, E denotes the electric field, ϕ denotes the electric potential distribution, ε o denotes the electric constant or the permittivity of a vacuum, and ε r denotes the relative permittivity. To demonstrate the feasibility of using a CI sensor to detect surface corrosion defects, FE models were constructed in COMSOL TM . A CI sensor with rectangular electrodes (shown in Fig 5) was used. The CI sensor consists of a driving electrode (No.1) and a sensing electrode (No.2). The center distance between these two electrodes (No.1 and No.2) was 13 mm. To shield external stray capacitance, this CI sensor also has a surrounding shielding electrode (No.3). The total size of this CI sensor was 30 mm × 30 mm, and the two co-planar electrodes (No.1 and No.2) were both 10 mm × 23 mm.
The equipotential line diagrams of a CI sensor on a conducting specimen (aluminium plate) without an insulation layer are shown in Fig 6. To avoid galvanic contact between the electrodes and the specimen, the minimal lift-off between the CI sensor and the conducting specimen cannot be zero, and was set to be 0.1mm in this case. In Fig 6(a) , (b) and (c), the lift-offs between the CI sensor and the conducting specimen were 0.1 mm, 1.1 mm and 2.1 mm respectively. Comparing Fig 6(a) , (b) and (c), it can be seen that the equipotential lines would extend to the surface of the conducting specimen with increased depths (lift-offs between the CI sensor and the conducting specimen) in all three models. The changes in the equipotential lines show that the CI sensor could response to different lift-offs which is equivalent to corrosion depths.
The equipotential line diagrams of a CI sensor on a conducting specimen covered by an insulation layer Because there is an insulation layer between the CI sensor and the conducting specimen, the minimal lift-off between the insulation layer and the conducting specimen can be zero. In Fig 7(a) , (b) and (c), the lift-offs between the insulation layer and the conducting specimen were 0 mm, 1 mm and 2 mm respectively. Comparing Fig 7(a) , (b) and (c), it can be seen that the equipotential lines would extend to the surface of the conducting specimen with increased depths) of corrosion defects (lift-offs between the insulation layer and the conducting specimen. The changes in the equipotential lines show that the CI sensor could response to different lift-offs which is equivalent to corrosion depths under insulation.
B. DEPTH INVERSION FOR A SPECIMEN WITHOUT INSULATION LAYER IN FE MODELS
As mentioned in Section 2, the depth inversion method for surface corrosion defects comprises three steps, namely establishing lift-off curve, obtaining scan curve and fitting inversion. As shown in Fig 8(a) , the baseline was located on the surface of the conducting specimen, and the lift-off was the distance between the CI sensor and the baseline. The conducting specimen was of step shape and the depths of the second and third steps were1 mm and 2 mm. The first step of the depth inversion is to establish the lift-off curve. Simulated CI measurements were taken with increased lift-offs (from 0.1 mm to 5 mm at a 0.1mm increment), as shown in Fig 8(a) . The cross-section of the FE model is shown in Fig 8(b) . The obtained lift-off curve which contains 50 points, is shown in Fig 8(c) . It can be seen that the capacitance values from the CI sensor rose monotonously with increased lift-offs, which enables the possibility for the depth inversion. The second step of the depth inversion is obtaining the scan curve. In this step, the CI sensor was used to inspect the conducting specimen along the scanning path at a 0.1 mm lift-off (shown in Fig 9(a) ). A 0.1 mm lift-off instead of 0 mm (minimal lift-off) was chosen to avoid galvanic contact between the sensor and the conducting surface. Note that, this lift-off should be deducted from the inversion results. The cross-section of the FE model is shown in Fig 9(b) . The length of the line-scanning detection was 100 mm, and the step-size for the line-scanning detection in the horizontal direction was 0.5 mm. The scan curve which contain 201 points is shown in Fig 9(c) . It can be seen that the scan curve can only reflect the step shape of the corrosion defects, and the actual depth information remains unknown.
The third step of the depth inversion is fitting inversion. A fitting method using neural network was adopted to improve the inversion efficiency and accuracy. The number of data in the lift-off curve was too small (50 point), to train the neural network, it is thus necessary to increase the number of samples (points). Due to the monotonicity of the lift-off curve, an interpolation function can be used. The number of the data was increased to 491 after interpolation. A tenlayer neural network was trained with the interpolated lift-off dataset. The scan curve (in this case, a simulated line scan shown in Fig 9(c) ) were then taken to the trained neural networks to obtain the inversion depths (shown in Fig 10) . It was found that the inversion depth can reflect the actual depth information, which demonstrates the effectiveness of the depth inversion method of surface corrosion defects of the conducting specimen without an insulation layer. 
C. DEPTH INVERSION FOR A SPECIMEN WITH AN INSULATION LAYER IN FE MODELS
Depth inversion for specimens with insulation layers was also implemented in FE models. The schematic diagram for establishing lift-off curve (Step I) is shown in Fig 11(a) . The baseline was located on the surface of the conducting specimen, and the lift-off was the distance between the insulation layer and the baseline. The conducting specimen contained two corrosion defects (step shape metal losses) of different depths (1 mm and 2 mm). The cross-section of the FE model is shown in Fig 11(b) . In the FE model, the CI sensor was attached to an insulation layer (PMMA). The lift-off curves for three insulation layers with different thicknesses (1 mm, 2 mm and 3 mm) were obtained and shown in Fig 11(c), (d) and (e).
The scan curves for the conducting specimen with different insulation layers (1 mm, 2 mm and 3 mm) at a minimal lift-off (shown in Fig 12(a) ) were also obtained from FE models. Note that, in order to be in accordance with step I, the san was taken with the sensor in contact with the insulation layer. The cross-section of the FE model is shown in Fig 12(b) . The length for each line scan was 100 mm, and the step-size scanning direction was 0.5 mm. The scan curves for the three insulation layers are shown in Fig 12(c), (d) and (e).
Similar to the case in Section 3.2, the fitting inversion was also done with the fitting method and the results are shown in Fig 13(a) , (b) and (c). It can be seen that the inversion depths can reflect the actual depth information, which again demonstrates the effectiveness of the depth inversion method for specimen with an insulation layer.
The error rates for the depth inversion in FE models (both in Section 3.2 and 3.3) were calculated and shown in Table 1 . The errors of the inversion depths were less than 0.002 mm and the error rates of the inversion depths were less than 1.20%, which proves the effectiveness of the depth inversion method in FE models. 
IV. EXPERIMENTAL VALIDATION
To validate the proposed inversion method in experiments, a CI experimental system was developed, as shown in Fig 14. This CI system consists of a CI sensor, a function generator, a charge amplifier, a lock-in amplifier, an X-Y-Z scanning stage, a PC with scan control and data acquisition software [20] . The function generator was used to generate a 10V Pk-Pk AC voltage, and the frequency of this voltage was 10 kHz [21] . A charge amplifier was used to convert the charge signal from the CI sensor into an AC voltage signal [22] . This AC voltage signal was then measured by the lock-in amplifier [23] . The X-Y-Z scanning stage was controlled and used to manipulate the CI sensor to establish the lift-off curves and obtain the scan curves.
A. DEPTH INVERSION FOR A SPECIMEN WITHOUT INSULATION LAYER IN EXPERIMENTS
As shown in Fig 15(a) , a step shape conducting specimen (aluminium plate) was inspected in experiments. The two lower steps were to simulate surface corrosion defects. The sizes of the steps were 100 mm × 50 mm × 1 mm and 100 mm × 50 mm × 2 mm respectively. The first step of the depth inversion is to establish the lift-off curve, in which the VOLUME 8, 2020 CI sensor (Fig 14) was used to take the measurements with lift-offs increased from 0.1 mm to 5 mm (the red line shown in Fig 15(a) ) with a 0.1 mm increment. The lift-off curve which contains 50 points is shown in Fig 15(b) . In this case, the vertical axis is measured voltage rather than capacitance. It can be seen that the voltage value from the CI sensor rose monotonously with increased lift-off, which was similar to the trend shown in Fig 8(c) .
The second step of the depth inversion is obtaining the scan curve. The CI sensor (shown in Fig 14) was scanned along the scanning path (the red line in Fig 16(a) ) at a 0.1 mm liftoff. To eliminate edge effects, the length of the line scan was 100 mm, leaving 25 mm from each end of the specimen. The scan step-size was 0.5 mm. The obtained scan curve (shown in Fig 16(b) ) contained 201 points. Again, the measured value in the scan curve can only reflect the step shape, but not the actual depth information.
The fitting inversion was also done with the neural network fitting method. The 50 points lift-off curve (Fig 15(b) was interpolated and the number of points were increased to 491. Another ten-layer neural network was trained with the interpolated lift-off curve, and the scan curve was then taken to the trained neural networks for fitting to obtain the inversion depth (shown in Fig 17) . It can be seen from Fig 17 that the inversion depth can reflect the actual depth information, which again proves the effectiveness of the depth inversion method of surface corrosion defects of the conducting specimen without insulation layer. 
B. DEPTH INVERSION FOR SPECIMENS WITH INSULATION LAYERS IN EXPERIMENTS
The same aluminium specimen covered with insulation layers (PMMA) of different thicknesses (1 mm, 2 mm and 3 mm) was inspected. Firstly, an insulation layer with the same thickness of the layer cover on the metal was attached to the CI sensor and the lift-off curve was obtained with lift-offs increased from 0.1 mm to 5 mm (the red line shown in Fig 16(a) ) with a 0.1mm increment. 51 point lift-off curves with the CI sensor attached to insulation layers of different thicknesses are shown in Fig 18(b), (c) and (d) .
The second step of the depth inversion is obtaining the scan curve. The CI sensor was scanned along the scanning path (the red line in Fig 19(a) ) at a 0 mm lift-off. The scan curves with the specimen covered by 1 mm, 2 mm and 3mm insulation layers were obtained and shown in Fig 19(b) , (c) and (d).
Three neural networks were trained with the three lift-off curves (after interpolation), and the three scan curves were taken into the corresponding neural network for the depth inversion. The inversion depths are shown in Fig 20 (a), (b) and (c). It can be seen from Fig 20 that the inversion depths can reflect the actual depth information, which proves the effectiveness of the depth inversion method of surface corrosion defects of the conducting specimen with insulation layer.
The error rates for the depth inversion in experiments (both in Section 4.1 and 4.2) were calculated and shown in Table 2 . The errors of the inversion depths were less than 0.1 mm and the error rates of the inversion depths were less than 9.07%. The error rates are higher compared to the ones in FE models due to the influences of experimental conditions (i.e. the control and measurement of lift-offs, humidity and temperature variation, and etc.)
To further illustrate the feasibility of the corrosion depth inversion method in detecting corrosion defects at different depths, experiments on a more practical specimen were carried out. As shown in Fig 21(a) , a conducting specimen (aluminium plate), which was machined and corroded by ferric chloride, contained three corrosion defects with different depths (2 mm, 1 mm and 3 mm). The dimensions of the features in the specimen are shown in Fig 21 (b) . In the experiments, the specimen was covered by a 2 mm insulation layer (PMMA). The scenario is very similar to one case in Section 4.2, and the curve shown in Fig 18 (c) and the trained neural network in section 4.2 can be used for depth inversion. The scan curve for this specimen is shown in Fig 21(c) and the depth inversion result is shown in Fig 21(d) . The inversion depths were in good agreement with the corrosion defects of 2 mm, 1 mm and 3 mm, and the error rates were 7.68%, 4.21% and 9.74% respectively.
It can be seen from Fig 21 that , the depth inversion results for the features of different depths, highlighted with red circles labelled ''A'', ''B'' and ''C'', are of different shapes. The inversion curve for the 1 mm deep feature (B) is nearly flat, and the inversion curves for the 2 mm and 3 mm deep features (B and C) are bulges. The bulge is more significant with a deeper feature. This is because the width of the CI sensor is comparable to the width of the targeted features, and the edge effect is more significant. The bulge shape of the inversion curve brings in extra error for depth inversion, which indicates that the proposed method is more suitable for evaluation corrosion with larger areas compared to the CI sensor. Also, for corrosion of large area but rapid profile change, this method can only be used to estimate the overall severity of the corrosion rather than obtain the exact depth profile.
V. DISCUSSIONS AND CONCLUSIONS
In this paper, a corrosion depth inversion method based on the lift-off effect of the CI technique was introduced. The depth inversion method, which includes establishing lift-off curve, obtaining scan curve and fitting inversion, was implemented in FE models for conducting specimens with and without insulation layers. In the FE models, the errors of the inversion depths were less than 0.002 mm, and the error rates of the inversion depths were less than 1.20%. Depth inversion of surface features on conductors were also carried out in CI experiments for conductor with and without insulation layers. The errors of the inversion depths were less than 0.2 mm, and the error rates of the inversion depths were less than 9.07%. A CI experiments on a machined and corroded specimen further verified the feasibility of the proposed method in evaluating corrosion defects of different depths.
This paper describes a proof-of-concept method for carrion depth inversion using the CI technique. For a clear illustration, significant simplifications were made for both FE modelling and experiments, i.e. uneven corrosions were simulated by flat steps of different depths. It should be noted that, in both FE models and experiments, aluminium specimens were used. However, the conclusions drawn in this paper can be generalised to all kind of highly conducing specimens, i.e. carbon steel, stainless steel and other metal alloys. The reason for that is the probing field from the CI sensor is a quasi-static electric field, and field lines will terminate on (perpendicular to) all kind of conducting surfaces (no matter if the surface is aluminium or steel) and form equipotential surfaces. The limitations of this method was also noticed in the last experiment, the proposed method is more suitable for corrosion with larger areas compared to the CI sensor size. For smaller surface features, an extra parameter, the width of the feature, needs to be considered, in which case a two dimensional data grid for the signal variations of the measured values from two different lift-offs is required. This will be discussed in a separate paper. In future, the robustness of this proposed method on curved objects (i.e. pipes and/or tanks), which requires a lift-off curve on the curved surface will be evaluated. Influencing factors, including thickness and/or material properties of the insulation layer, trade-offs between the sensor size, spatial resolution and thickness of insulation, will be studied. He joined the China University of Petroleum, where he is currently a Professor of mechanical and electronics engineering. His current research interests include electromagnetic nondestructive evaluation and signal processing, offshore engineering structure design and FEM analysis, and pipeline safety and reliability assessment.
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